The endosperm of castor bean seeds (Rkinus comunuis L.) contains two -SH-dependent amptidases, one hydrolyzing L-leucine-,Bnaphthylamide optimally at pH 7.0, and the other hydrolyzing L-proline-,B-naphthylamide optimally at pH 7.5. After germination the endosprm contains in addition an -SH-dependent hemoglobin protease, a serinedependent carboxypeptidase, and at least two -SH-dependent enzymes hydrolyzing the model substrate a-N-benzoyl-DL-arginne-I8-naphthylamide (BANA). The carboxypeptidase is active on a variety of N-carbobenzoxy dipeptides, especially N-carbobenzoxy-L-phenylalanine-L-alanine and Ncarbobenzoxy-L-tyrosine-L-leucine. The pH optima for the protease, carboxypeptidase, and BANAase activities are 3.5 to 4.0, 5.0 to 5.5, and 6 to 8, respectively. 
The two amn_opeptidases increased about 4-fold in activity during the first 4 days of growth, concurrent with the period of rapid depletion of storage protein. Activities then declined as the endosperm senesced, but were stiDl evident after 6 days. Senescence was complete by day 7 to 8. Hemoglobin protease, carboxypeptidase, and BANAase acivities appeared in the endosperm at day 2 to 3, and reached peak activity at day 5 to 6.
The data indicate that the ptidases are involved in the early mobilization of endosperm storage protein, whereas protease, carboxypeptidase, and BANAase may take part in later turnover and/or senescence.
The endosperm tissue of castor bean seeds (Ricinus communis L.) contains storage proteins sequestered in protein bodies (29, 32) . During germination, these proteins are hydrolyzed to free amino acids, which support protein synthesis in the endosperm and embryo. Massive proteolysis also occurs throughout the endosperm later during senescence. These hydrolytic events are mediated by a system of proteases and peptidases, with varying substrate specificities and activities during germination. This study was undertaken to characterize some of the proteolytic nzymes of castor bean endosperm, and to correlate their changes in activity during germination with the breakdown of storage protein, and with the onset and completion of endosperm senescence. The activities examined include Hb-ase,3 CPase, BANAase, LeuNAase, and ProNAase. ' This work was supported by National Science Foundation Grant PCM 75-23566 to H. B., and by a National Science Foundation Graduate Fellowship to R. T. 2 PROTEIN AND ENZYME CHANGES DURING GERMINATION Endosperm tissue from 10 seedlings was ground with a mortar and pestle in 10 ml of 0.2 M K-phosphate (pH 7.0) at 0 C. The crude homogenates were quantitatively transferred to a ground glass homogenizer, where the extractions were completed. The extracts were brought to a final volume of 20 ml with the grinding buffer. After removing 2.5 ml for protein determination, the homogenates were centrifuged at 10,000g for 10 min. An additional 2.5 ml of the supernatant solutions were removed for protein assays, and the remainder dialyzed against grinding buffer to remove free amino acids, which interfered with the ninhydrin assays. The extracts were assayed for protein and enzymes as follows.
,8-Naphthylamidases. The method used is essentially that of Elleman (8) . Fifty ,ul of extract were added to 0.5 ml of substrate solution, and the reaction was carried out at 37 C. The substrate for LeuNAase was 0.5 mM L-LeuNA in 0.1 M Tris-HCI (pH 8.0); for ProNAase, 0.5 mM L-ProNA in the same buffer; and for BANAase, 0.5 mM DL-BANA in 0.1 M K-phosphate (pH 7.0). The pH optima for LeuNAase and ProNAase were subsequently found to be about 7.0 to 7.5 in borate-citrate (Fig. 1 They were redissolved in 1.0 ml of 0.1 N NaOH and assayed by the Lowry procedure (14) , using BSA as a standard.
Catalase. Catalase was assayed according to Luck (15) by following the decomposition of H202 at 240 nm.
ION EXCHANGE CHROMATOGRAPHY
Hb-ase and CPase, both stable at low pH, were separated by chromatography on a CM-cellulose column at pH 5.0. An extract was prepared by grinding 40 g of day 6 endosperm tissue in 40 ml of 0.1 M K-acetate (pH 5.0) containing 1mM EDTA. After centrifuging to clarify, protein was precipitated by adding ammonium sulfate to saturation. The precipitate was redissolved in 30 ml of 5 mM K-acetate (pH 5.0) containing I mM EDTA. The concentrated protein solution was desalted on a column of Sephadex G-25 in the 5 mm acetate-EDTA buffer and then loaded onto a column of CM-cellulose (1.5 x 27 cm) in the same buffer. The column was washed with 50 ml of buffer and proteins were eluted with a 300-ml linear NaCl gradient (0-0.3 M) in the buffer. This was followed by I M NaCl. Protein was estimated by monitoring the A at 280 nm. All operations were carried out at 6 C.
BANAase, LeuNAase, and ProNAase, all stable at alkaline pH, were resolved by chromatography on a column of DEAE-cellulose at pH 8.5. The endosperm tissue from 22 seedlings 3 days old was extracted in 44 ml of 0.1 M K-borate (pH 8.5) containing 1 mm EDTA. After concentrating the protein with ammonium sulfate and desalting on Sephadex G-25 in the 5 mm borate-EDTA buffer, the extract was loaded onto a column of DEAE-cellulose (1.5 x 27 cm) in the same buffer. The column was washed with 40 ml of buffer, and proteins eluted with a 300-ml linear NaCl gradient (0-0.25 M) followed by 1 M NaCl.
RESULTS
Hb-ase and CPase. Acid Hb-ase from castor bean endosperm showed maximum activity at pH 3.5 to 4.0 (Fig. 1) . CPase had an optimum at pH 5.0 to 5.5 against Z-Phe-Ala (Fig. 1) . In order to determine if the CPase and Hb-ase activities were due to the same or separate enzymes, an extract from day 6 endosperm was and Hb-ase activities. CPase passed through the column, whereas Ub-ase bound and was eluted by the NaCl gradient. Fractions were 100 drops. Extract was from endosperm of day 6 seedlings.
chromatographed on a CM-cellulose column. The elution profile (Fig. 2) shows the two activities cleanly separated, indicating that they are from two or more distinct enzymes.
The chemical sensitivities of the Hb-ase and CPase were investigated by treating an endosperm extract with various potential inhibitors and activators (Table I) The substrate specificity of the CPase was tested with two groups of Z-dipeptides: four having a terminal leucine and a variable penultimate residue, and four with a penultimate phenylalanine and variable terminal residue. The resultant LineweaverBurk (13) plots are shown in Figure 3 , and the calculated kinetic parameters in Table II . All plots are essentially linear, but it should be noted that for most of the substrates, the limits of solubility are reached at concentrations below the apparent Km values. The preferred substrate (highest V, ) was Z-Phe-Ala, although there was also high activity against Z-Tyr-Leu. Less activity was observed against Z-Phe-Gly, Z-Phe-Leu, and Z-AlaLeu. Very low activities were found with Z-Phe-Pro and Z-ValLeu.
Naphthylamidases. ProNAase, LeuNAase, and BANAase activities all had pH optima in the neutral to slightly alkaline range (Fig. 1) . Chromatography of an endosperm extract from 3-dayold seedlings on a DEAE-cellulose column (Fig. 4) resolved the activities into three distinct peaks. Note that the ProNAase fractions had slight LeuNAase activity and vice versa, indicating a possible overlap of activities between the two enzymes. The effect of various chemical treatments on a partially purified preparation of the three naphthylamidases is presented in Table  I . All three activities were sensitive to one or more of the -SH inhibitors. BANAase was strongly inhibited by NEM and pCMB. LeuNAase and ProNAase were completely inhibited by pCMB, and strongly by lAc. LeuNAase was also inhibited by NEM and PMSF, and activated by DTT.
Enzyme and Protein Changes during Germination. Changes in total endosperm protein, insoluble protein in the lO,OOOg pellet, and soluble protein in the supernatant solution are shown in Figure 5A . Total protein slowly began to decrease after day 2.
Soluble protein in the supernatant solution showed a sudden increase after day 1, due to the synthesis of soluble cytoplasmic and organelle enzymes from the insoluble proteins. The protein in the pellet is mostly insoluble storage protein in the form of protein body crystalloids (29) . After day 4, soluble protein began to decline, with visible senescence after day 5. By day 7 or 8, the endosperm remnants were completely absorbed by the cotyledons.
Figure 5B shows changes with age in CPase, Hb-ase, and catalase activities, and Figure 5C shows the behavior of the three naphthylamidases. The decline in catalase after day 4 is taken as an indicator of the onset of tissue senescence. Both CPase and Changes in endospermal protein, protease, peptidases, and catalase during growth of castor bean seedling. A: "super" is 10k supernatant; "pellet" is 10k pellet. B: Hb-ase, CPase, and catalase. Hb-ase and CPase were absent from dry seed. C: Naphthylamidases. ProNAase and LeuNAase were present in dry seed, but BANAase was not. A520 was normalized to a 30-min incubation.
Hb-ase activities began to increase after day 2, at which time much of the insoluble storage protein had already been mobilized (Fig. SA) . Both enzymes showed high activity during endosperm senescence, and were present throughout the final stages of tissue disintegration. Neither Hb-ase nor CPase was detectable in extracts from dry seeds.
The development of BANAase (Fig. 5C ) is similar to that of Hb-ase and CPase, with the peak at day 5. Little or no BANAase was measurable in dry seed extracts.
Both LeuNAase and ProNAase were found in extracts of dry seeds (Fig. 5C) , and they increased in activity earlier and reached a peak earlier than Hb-ase or CPase. Highest activities were at day 4, corresponding to the peak of catalase. The activities then declined as the endosperm senesced, but were still present after 6 days.
DISCUSSION
On the basis of the inhibitor study (Table I) , the castor bean acid hemoglobin protease must be classified as an -SH protease. In this respect it is similar to the acid protease of many other seeds, such as barley (4), corn (1), pea (2), Phaseolus vulgaris (31), and mung bean (7) . In contrast, the acid proteases of Cannabis (22) and sorghum (9) are not affected by -SH inhibitors. The castor bean Hb-ase exhibited little or no activity against the CPase substrate Z-Phe-Ala, nor aminopeptidase activity against LeuNA or ProNA, and is thus presumably an endopeptidase. Chrispeels and Boulter (7) demonstrated that the mung bean acid protease is likewise an endopeptidase. The acid protease of sorghum, however, exhibits exopeptidase activity (10) . It is conceivable that the castor bean activity is a combination of the effects of more than one enzyme, with the net result being the digestion of hemoglobin to yield trichloroacetic acid-soluble products.
The two castor bean aminopeptidases, LeuNAase and ProNAase, were strongly inhibited by pCMB and IAc (Table I ), indicating that they are -SH peptidases. Both of the aminopeptidases from pea are -SH enzymes (8) , but an aminopeptidase from barley is not (26) . The optimum pH for the castor bean enzymes is about 7.2 ( Fig. 1) . As shown by DEAE-cellulose chromatography (Fig. 4) , the castor bean LeuNAase and ProNAase are two separate enzymes. This was further demonstrated by performing assays on polyacrylamide gel electropherograms of endosperm extracts, which yielded one band of LeuNAase and one of ProNAase (not shown). The LeuNAase band also showed activity against PheNA and ArgNA. Pea seeds (8) and barley seeds (12) , unlike castor bean, produce one band with activity on LeuNA and ArgNA, and a second with activity on LeuNA and PheNA. The castor bean is similar to peas in yielded extracts that produce a band specific for ProNA (8) .
The pH curve for the castor bean BANAase activity (Fig. 1 ) exhibits a broad optimum, suggesting the presence of more than one enzyme. This was confirmed by polyacrylamide gel electrophoresis (not shown), which produced at least two bands of activity. The pH optimum of the combined activities (pH 6-8) is similar to that of peas (3, 6) , peanut (16), barley (5), and wheat (18) . Like the aminopeptidases, the castor bean BANAases are -SH dependent (Table I) . BAPNAases in peas (6) and barley (28) are also -SH enzymes.
The castor bean CPase was partially inhibited by PMSF (Table   I) , while the -SH inhibitors had no effect. The enzyme is probably a serine peptidase, similar to CPase from cottonseed(I1), Pinus sylvestris (24), mung bean (7), wheat (19, 20) , and other plant CPases, as summarized by Matoba and Doi (17) . A CPase from barley, however, is -SH dependent (30) . Of the seven model substrates tested, the best substrate of the castor bean CPase was Z-Phe-Ala (Table II) . Z-Phe-Ala is also the favored substrate of a barley CPase (30) and watermelon fruit CPase (17) . The CPases from P. sylvestris (24) and wheat (20) are also active on Z-PheAla. Unlike the barley CPase (30), the castor bean CPase had activity (although low) against a proline-containing Z-dipeptide (Z-Phe-Pro, Table II ). Activity of the castor bean enzyme was very low against Z-Val-Leu (Table II) .
The fact that the castor bean LeuNAase and ProNAase were present in the dry endosperm and increased early in germination, whereas CPase, BANAase and Hb-ase appeared only after much of the insoluble storage protein had been degraded (Fig. 5) , implicates the former two enzymes in the early mobilization of storage protein, and the latter three in later turnover and/or senescence. Before drawing conclusions about the roles of the various enzymes, it must be considered that none of the substrates used in the assays are the in vivo substrates, and thus they may be giving a false indication of the effective in vivo activity. This problem has been discussed by Spencer and Spencer (27) , who found that extracts of germinating pumpkin seeds had little protease activity against casein, but had high activity against the natural pumpkin seed globulin. Even 
